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1. Objective

The concealment and size/weight reduction of Army sensor and communication system antennas
is currently an important thrust in Army research. Many new wireless systems that are added to
an Army vehicle or a Soldier’s communications gear yield significant additional weight to the
platform. Additionally, many proposed conformal body-worn antennas constructed from
standard bulk materials such as copper fail to stand up to significant “wear-and-tear” due to lack
of durability and thus are limited in their placement to areas on the body that see minimal flexing
and bending. There is a critical need for lightweight, low-profile and durable antennas that can
be seamlessly integrated into vehicular Army platforms and/or fabricated onto the uniform of the
individual Soldier. The objective of this research is to explore the latest advances in carbon
nanotube (CNT) technology and how it may be applied to Army antenna systems to produce
lightweight, flexible, and durable alternatives to existing and future antenna designs.

2. Approach

CNT structures have leapt to the forefront of materials research interest over the past decade due
to their demonstration of a variety of attractive physical characteristics such as high durability
(tensile strength exceeding 1-2 GPa) and extremely light weight in comparison with standard
metallic materials such as copper and steel. In addition to possessing such valuable physical
characteristics, it has been shown that CNTs may exhibit similar, and in some cases, enhanced
electrical characteristics when compared with standard conductive materials such as copper (1).
The conductivity and power efficiency of a CNT structure may be exceptionally high since its
quantum resistance does not inversely scale with the square of its radius like traditional metal
structures and since electrons only flow along its carbon atom shell in two parallel propagation
channels, referred to as m-bands, resulting in a negligible skin effect. The application of an
individual single-wall CNT (SWNT) as an antenna has been analytically shown to yield very low
radiation efficiency at microwave frequencies (2, 3), mainly due to the large reactance resulting
from quantum effects of its nanometer radius. These include quantum capacitance, Cq =

100 aF/pm, due to the finite density of states at the Fermi energy and kinetic inductance, Lk =
|16 nH/um, due to charge-carrier inertia of the electrons flowing along the nanotube (2). While
overall radiation efficiency of a single CNT structure may be lower than that of a traditional
metal structure (since the resistance of CNT structures have been predicted to be quite high at the
nanometer scale), the counter-balancing attractive physical and electrical characteristics make its
use in radio frequency (RF) and antenna applications worthy of further investigation.



The electrical properties of CNTs have been applied to antenna designs by using the individual
CNTs as conductors in an array format and also by harvesting individual CNTs and mixing them
into a liquid to form a conductive solution. Specific examples of these applications include the
fabrication of a flexible patch antenna structure from compressed CNT arrays incorporated into a
polymer substrate (4) and a patch antenna printed onto a flexible substrate using CNT-enhanced
conductive ink (5).

It has recently been shown through analysis (6, 7) and measurement (8) that the dominant kinetic
inductance and resistance of a CNT can be significantly reduced by bringing together a large
number of CNTSs into a bundle structure. It has also been predicted through simulations that
dipole antennas constructed from CNT bundle structures may exhibit radiation efficiency orders
of magnitude higher than that of individual CNTs (9) and that this radiation efficiency increases
as the nanotube density with the bundle is increased (10). Emerging fabrication techniques have
made realizable the synthesis of large-scale CNT bundle structures such as threads, ribbons, and
sheets. By using these CNT threads to produce wireframe antennas (dipole, loop etc.) and CNT
sheets/ribbons to produce planar and waveguide antennas (patch, horn etc.), it may be possible to
fabricate antennas with significantly reduced weight and enhanced flexibility/durability and
power handling capabilities when compared with antenna structures fabricated out of traditional
bulk conductive materials.

In order to investigate the application of CNT materials to Army antenna systems, a two-pronged
approach is employed. The first approach focuses on antennas constructed from the
aforementioned bulk CNT materials such as threads and sheets. Since these materials are
currently available from select laboratories, it is possible to explore a variety of CNT thread
dipole antennas through both simulation and measurement in this Director’s Research Initiative
(DRI). In Year 1, the simulated conductivity, current distribution and radiation efficiency of
CNT thread dipole antennas were investigated and compared with those of an antenna
constructed from traditional bulk conductive material (e.g., copper). Additionally, the
conductivity, tensile strength, and weight of fully fabricated CNT thread and rope samples were
measured and analyzed (section 3.1). This provides a thorough understanding of the benefits and
tradeoffs associated with constructing antennas using bulk CNT materials and lays the
groundwork for the fabrication and measurement of complex antenna structures from such
materials, including textile-embedded dipole antennas and meshed CNT thread patch antennas,
in year 2 of this DRI.

The second approach explores the possibility of using periodic arrays of CNTs embedded into a
flexible substrate as the main radiating elements of a fabric-like structure, which, when
incorporated as a part of the outer fabric of a garment, can function as a body-worn antenna
array. The concept of this Nanofabric antenna system is depicted in figure 1.
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Figure 1. Conceptual diagram of the Nanofabric carbon nanotube antenna array.

A large number of periodically spaced conductive CNTs and/or CNT bundles are grown and
embedded into a flexible substrate to form the outer surface of a fabric-like structure. The
vertically-aligned CNTSs form either a fixed or randomly spaced array of monopole antennas (11)
with each element connected to a metallic seed base (as a byproduct of the growth process). The
base of each CNT couples through a layer of periodic apertures to a conducting patch/power
combiner network that routes the received signal to the antenna output and the integrated
receiver. All layers below the monopole array are made of flexible materials, such as fabric
and/or flexible polymers. Due to the durable, flexible nature of the array and the fabric-like
texture exhibited by the outer skin CNT layer, the complete Nanofabric structure may be
embedded into an Army patterned material as an integrated antenna system capable of both
transmit and receive functionality.

In order to develop a functional prototype of the Nanofabric CNT antenna array, an accurate
design approach must be developed both analytically and through electromagnetic simulation.
The simulation effort that is employed to explore the CNT bundle/thread antennas for approach
#1 is also directly applicable to the simulation of the Nanofabric antenna array. The main
difference is that the simulation must be extended from a single CNT bundle to a finite array of
randomly spaced single element CNTs and CNT bundles. Additionally, the in-house CNT
fabrication capabilities at the U.S. Army Research Laboratory (ARL) must be advanced in a few
key areas. Currently, the RDRL-SER-L branch can produce random arrays of SWNTs. A
SWNT is basically a hollow tube constructed from a rolled up sheet of graphene, consisting of a
lattice of carbon atoms bonded together in a hexagonal honeycomb-like structure. The axis
orientation by which the graphene sheet is rolled up, known as the chirality, can lead to either
semiconducting (some dual and zigzag chirality nanotubes) or metallic SWNTSs (all armchair
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chirality nanotubes) (12). Multiwall CNTs (MWNTSs) consist of multiple shells of rolled up
graphene sheets forming a layered hollow tube, with each shell typically separated from its
neighboring shell(s) by the van der Waals gap (0.34 nm), as shown in figure 2.

Single Wall Multi Wall

2-25 nm

Figure 2. Typical dimensions of a SWNT and MWNT (adapted from lijima [13]).

It has been experimentally shown that MWNTSs mainly exhibit metallic conductivity at room
temperature due to the large tube diameter resulting from the multiple shells, typically of
armchair chirality (14). These results indicate that the use of MWNTS as the radiating elements
in the Nanofabric antenna array will ensure that a maximum percentage of these elements exhibit
high conductivity. Thus, an important step towards realizing a fully functional Nanofabric
system is to establish patterned MWNT growth capabilities at ARL. Additionally, a method to
transfer the CNT arrays onto a flexible substrate must be developed. Vertically aligned MWNT
arrays can only be produced via chemical vapor deposition (CVD) using either patterned
catalysts or anodized alumina templates. CVD growth will need to be optimized to produce the
target nanotube length (1-2 mm at this time) as well as spacing between elements. A transfer
method must be developed to encapsulate the CNTSs in the grown arrays and remove them from
the growth substrates. The encapsulation must then be transferred to the flexible substrates.
Bonding techniques also need to be developed to ensure the CNTs will remain attached to the
flexible substrates without any degradation to the tube or the array structure formation. For year
1 of this DRI, initial research into the establishment of MWNT growth capabilities at ARL is
conducted (section 3.2).



3. Results

3.1 Carbon Nanotube Thread Dipole Antenna

As a first step in this investigation of antenna structures fabricated from CNT materials, a variety
of half wavelength (A/2) CNT thread dipole antennas were simulated. A conceptual diagram of a
CNT thread dipole antenna is shown in figure 3. The dipole thread is composed of many
thousands of individual double-wall CNTs with typical diameter of 10-12 nm held together by
van der Waals forces and spun to form a strong, thread-like structure with a typical diameter of
~20-25 pum. These are connected to the output of a balun to match the unbalanced dipole load to
a balanced coaxial feed connector and provide a 180° phase difference between the signal
excitation in each leg of the dipole.

| A2 |

i

TXLi Bal
Carbon Nanotube ine / Balun

RF Source

Figure 3. CNT thread dipole antenna concept.

A contract was established with the Nanoworld Laboratory at the University of Cincinnati (UC)
to acquire CNT thread for the construction of these dipole antenna prototypes. Details of this
fabrication process and measurements of the CNT thread prototypes are provided in section
3.1.2.

A fully fabricated single CNT thread, referred to as 1-ply thread, may be spun together with
other 1-ply CNT threads to yield a larger CNT rope. This increases the overall conductor radius
and number of CNTSs (conductive paths) within the thread and should consequently increase the
electrical performance. Prior to the contract with UC, it was possible to manufacture 1-ply CNT
thread and 2- or 3-ply CNT rope. By combining three 3-ply CNT ropes, it should also be
possible to fabricate a 3x3-ply (or 9-ply) CNT rope. An emphasis of the contract was to push
this fabrication boundary further and explore the physical and electrical properties of larger ply



CNT rope. The simulations in section 3.1.1 investigate a 1-ply CNT thread, a 3-ply rope, a 3x3-
ply CNT rope, and a CNT rope with the same diameter as 15-gauge wire (1250 um). At this
point in time, the fabrication of a CNT rope with a diameter equivalent to 15-gauge wire has not
been demonstrated.

3.1.1 Simulation

In order to predict the radiation performance of a dipole antenna constructed from CNT thread, a
method of moments (MoM) simulation technique was applied to Hallén’s integral equation for a
thin wire (16). The solution to the Helmholtz equation using the electric field, E, and magnetic
wave potential, A, serves as the starting point of this derivation. With this, the electric field may
be represented in terms of the current density, J,

E =~ jouh+ ——V(V - A), (1)
Jws
where
Je—jk|r—r'|
A= [[[ ———ar’. 2
'm4;r|r—r’| @

In the above equation, k is the wavevector, o is the angular frequency, ¢ is the permittivity, | is
the permeability, and |r — r'| is the vector between a point source and a distant point in space.
The current is assumed to travel axially along a wire with conductivity, 6. The surface current
density, J,, may be solved for with the general version of Ohm’s law,

J,=0E,. (3)
Each of the cases that are examined here satisfy the criteria for a thin wire of half-length, L, and

radius, a, with ka << 1 and a << L. As such, equation 1 may be rewritten with the standard thin
wire kernel, K(z - z),

_ 1 2 82 ‘ ot ' ’

E, _4ﬂwg(k +?J__[K(z 2')1(2")dz (4)

where

o il2)ea?
K(z-2")= ®)
J(z-17)? +a?
and

1(z) =27ald,(z). (6)

In order to solve for the total electric field, E' = E' + E°, from a radiating object with incident
electric field, E', and scattered electric field, E®, equation 3 becomes
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1(2) i s
J, =——=0l\E, +E). 7
‘' 2ra ( ! ’ ) ()
By applying equation 4 as the scattered field, E°(z), in equation 7, and assuming a slice-gap
voltage source for E'(z), a Hallén’s integral equation is fully derived for the current distribution,
I(z), along a single thin wire of half-length, L, radius, a, and conductivity, ¢, in Hanson (3) and
results in

| 27mwe

< we e K7 ) )
I(K(z—z’)+— " Jl(z’)dz’:clsmkz+c2 coskz— sink|z—-z,]|. (8)
aoc

-L
Similarly, the current distribution for a bundle of thin wires composed of N wires of half-length,
L, radius, a, and conductivity, o, in Huang et al. (9) and results in

L

J.(KBundle(Z - Z’) +

-L

2wes e Ml
Nzaoc

J2nmwe

Jl(z’)dz’zclsinkz+c2 coskz— sink|z—-2z,]. (9)

For the bundle, the standard thin wire kernel, K(z — z'), is stated using a bundle radius, R, which
also satisfies the thin wire criteria, kR << land R <<L,

e—jk\/(z’)2+R2

KBundle(Z - Z') = > > (10)

W/(z’) +R
According to Huang et al. (9), only the current along the wires at the outermost region of the
bundle will contribute to far-field radiation while radiation from the inner wires will effectively
be shielded. Thus, the number of wires, N, in equation 9 should be limited to the outermost tubes
in the bundle, Noyter.

With the current distribution along the thin wire dipole, |, solved for in terms of frequency,
geometry, and material conductivity, a point matching MoM solution may be applied to
equations 8 and 9 as detailed in Hanson (3). This simulation was carried out using MATLAB in
order to compare the conductivity and current distribution of a copper wire, double-wall CNT,
and multi-wall CNT bundle (thread) dipole antenna.

3.1.1.1 Conductivity

The dipole current distribution simulation described previously assumes a thin wire with a
surface current density. Thus, the conductivity for the dipole material is determined for this
particular case. This has been derived for a general CNT geometry in Maksimenko et al. (17)
and for an infinitely thin SWNT and metal conductor in Hanson (3). For the case of a thin metal
cylinder,

e’N,

o= 10) -

metal — —J
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where e is the elementary electron charge (1.602*10™*° coulombs), m; is the electron mass
(9.11*10*" kg), N, is the electron density, and v is the relaxation frequency. The value of N

changes depending on whether the metal cylinder is modeled with a geometry similar to a
SWNT with an infinitely thin (N2*) or finite (N>’ ) wall thickness. In order to extend the

comparison of this simulation to metal wire dipole antennas with realistic diameter sizes, the
three-dimensional electron density, N**, will be used instead of the two-dimensional case,

N2?= (N2 )?. For bulk copper, N3~ 8.46*10? electrons/m® and v ~ (2.47*10 )%,

For an infinitely thin SWNT with radius, a, the quantum conductivity is approximated as

2e%v,

Thalo— o) "

Oswnt =~

where Vg is the Fermi velocity for a CNT (approximately 9.71*10° m/s) and h is Plank’s constant
(1.0546*10 * m2kg/s). The relaxation frequency of the SWNT is estimated as v ~ (3*10 %) .

As noted earlier, the CNT thread used to fabricate dipole antenna prototypes for this
investigation is composed of bundled MWNT structures. The conductivity must be adjusted to
account for the multiple conductive paths offered by the multi-shell structures. According to
Fikioris (16), MWNTs may be thought of as a set of N coaxial cylindrical SWNTSs with intershell
spacing of approximately 3.4 A. Assuming that electrons are confined to flow axially along each
shell with no cross-shell hopping, it has been estimated that the MWNT may be treated as a
SWNT with an effective radius of R = (Ry + R, + ... + Ry) / N, with Ry being the radius of the
outermost shell, and with an effective conductivity of

N
O MwNT = ZO-S&NT : (13)
g=1

Specifically, the MWNT structures in the CNT thread are mainly double-wall (N = 2), and thus
the conductivity of each CNT in the CNT bundle simulation will be approximated as

Oownt = 20 gy - (14)

It has been experimentally shown that a large tunneling resistance, on the order of MQ, exists
between neighboring nanotubes within a CNT bundle (18). Thus, each MWNT in the CNT
thread simulation is assumed to be a parallel channel for electrons to flow with no cross-tube
tunneling allowed. The CNT thread conductivity will scale with the number of MWNT
conductive paths contained within the bundle. For this simulation, the CNT thread of radius, R,
will be approximated as a square bundle of MWNTSs of radius, a, with its cross-sectional length
and width equal to the actual thread diameter, 2R. For a densely-packed bundle with uniform
nanotube distribution, the total number of CNTs may be approximated as (19)



_2R-3)

N _2R-3)
NW— x ,NL—W-F]. (15)

NtotalzNW'NL_ ;N =2'(NW+NL) (16)

NL
7’ outer
~ N

Ogundle total * O DWNT 1 (17)

where X is the intertube spacing, from center to center. Assuming a van der Waals spacing of
3.4 A between nanotubes, the intertube spacing becomes x = 2a + 3.4 A. Since the
approximation of the CNT thread as a square bundle will yield slightly larger values of Ny and
Nouter, the simulated CNT thread dipole conductivity and radiated power will be slightly higher
than the measured values of the actual prototypes. In order to bring the simulated results closer
to that of a circular bundle, Ny and Noyeer are scaled by the difference between the area of a
circle inscribed within a square of side half-length, R,

S

Acircle _ ﬂ-RZ T ZN

- :_;Ntotalz ; N ~—N
Aqe 2R-2R 4 4

total ? outer 4 outer*

(18)

The simulated conductivity of 30-gauge copper wire, a double-wall CNT, and CNT thread and
rope (multi-ply thread) is shown in figures 4 (real part, Re[c]) and 5 (imaginary part, Imag[c]).
The copper wire radius is 127.5 um, the single CNT radius is 5 nm, the 1-ply CNT thread radius
IS 12.5 um, the 3-ply CNT rope radius is 37.5 um, and the 3x3-ply (9-ply) CNT rope radius is
112.5 um. It should be noted that while the conductivity for the copper wire and CNT thread
cases is calculated in S/m, the accurate unit of conductivity for the individual double-wall CNT
case is S since the SWNT is modeled as an infinitely thin tube.
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The simulation data in figures 4 and 5 indicate that by increasing the diameter of the CNT thread
(larger ply rope), and thus increasing the number of conducting channels within the structure,
Re[o] should improve to within one order of magnitude of bulk copper. The data also confirm
previously reported simulation results that an individual CNT has a very low conductivity, on the
order of 10e-2 S/m (3). Re[o] of copper is accurately predicted to be ~5.9e7 S/m.

Fundamental differences between the conductivity of the CNT threads and 30-gauge copper wire
become apparent when Imag[o] is examined for each case. For copper, Imag[c] remains two to
three orders of magnitude lower than Re[c] over the entire 0.1 to 100 GHz frequency range for
copper, indicating that Re[c] dominates and that the reactance losses in the structure attributed to
Imag[c] should be negligible. For each of the CNT threads/ropes, however, Imag[c] is predicted
to be zero to one order of magnitude less than Re[c], with Imag[c] approaching Re[c] as the
thread ply is increased. For the 3x3-ply CNT rope, Imag[oc] is predicted to be on the same order
of magnitude as Re[c]. These results indicate that significant reactance losses will arise as the
diameter of the CNT rope is increased. The quantum effects (quantum capacitance and Kinetic
inductance) that occur due to the nanometer radius of the individual CNTs within the threads are
the likely mechanisms behind this predicted increased reactance. For the 1-ply CNT thread,
Re[o] is predicted to be ~2 to 3e5 S/m, just two orders of magnitude less than copper, while
Imag[o] remains one order of magnitude lower than Re[c] from 0.1 to 20 GHz. This indicates
that the best electrical performance may be achieved by the 1-ply CNT thread until a strategy to
mitigate the quantum reactance of the CNT elements is formulated.

3.1.1.2 Current Distribution

With the conductivity of the copper wire, double-wall CNT, and CNT threads accurately
predicted, these values were applied to the MoM solution developed in section 3.1.1 to simulate
and compare the current distribution across a A/2 dipole antenna constructed from each of these
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materials at a variety of frequencies. The current distribution for a 4-in-long dipole antenna,
with resonant frequency, fo, of 1.475 GHz is shown in figure 6.
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Figure 6. Comparison of current distribution (total magnitude) along
A2 dipole antenna composed of different materials (f, = 1.475 GHz, L = 4 in).

The simulation accurately predicts the peak current maximum, lo, for the 4-in perfect electric
conductor (PEC) and copper dipole antenna to be ~11.8 mA based on Ohm’s law using a 1-V
applied signal and the known feedpoint impedance of a A/2 dipole antenna, 73 + j42.5 Q,

VO

v | igma (19)
(73+ j42.5) Q|

7 =|Io|

feedpoint

The results indicate that each of the CNT thread dipole antennas will exhibit the traditional
current distribution form of a A/2 dipole antenna, with ly occurring at the center along the dipole
structure (at z/L = 0), and that the value of I should increase as the radius of the CNT thread
increases despite the increased reactance losses predicted in the conductivity simulations. Since
power delivered is proportional to 12, it is possible to compare the approximate radiation
efficiency of each CNT thread dipole with its copper dipole equivalent from

CNT 2
Radiation Efficiency Difference m10-|0910[[|0—] J (20)

I Copper
0

A hypothetical CNT rope with a radius equivalent to 15-gauge (r = 725 um) copper wire was
included in this simulation to compare the performance of an extremely large radius CNT rope
with that of a typical copper wire. Note that at the present time, it is not possible to fabricate a
CNT rope with radius equivalent to a 15-gauge wire. The results indicate that 1o of such a CNT
rope is ~65% that of a dipole fabricated with 30-gauge copper wire at 1.475 GHz. Applying this
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ratio to equation 20 indicates that the radiation efficiency of the 15-gauge radius equivalent CNT
rope dipole antenna may be ~3.8 dB less than that of the 30-gauge copper dipole antenna. I, for
the 3x3-ply CNT rope dipole, which is approximately the same diameter as the 30-gauge copper
wire (r = 127.5 um), is ~26% that of a 30-gauge copper wire dipole. In turn, the radiation
efficiency of the 3x3-ply CNT rope dipole is predicted to be ~11.6 dB less than that of the
30-gauge copper dipole. Evaluating the 3- and 1-ply CNT rope/thread dipoles in the same
manner results in a predicted 19.4 dB lower radiation efficiency for the 3-ply rope and a massive
28-dB lower radiation efficiency for the 1-ply thread. Thus, despite a predicted increase in
reactance losses as CNT thread diameter is increased, the radiation efficiency of a dipole antenna
constructed from CNT thread is predicted to improve as rope diameter is increased. However,
even if the CNT rope radius is increased to over five times the radius of the 30-gauge copper
wire, the dipole antenna radiation efficiency is predicted to still be ~3.8 dB less for an
operational frequency of 1.475 GHz.

Next, the CNT thread/rope dipole performance was examined in a higher frequency region by
simulating the current distribution for a 3-mm-long A/2 dipole antenna, with f, of ~50 GHz, as
shown in figure 7. The CNT rope dipole with a radius equivalent to 15-gauge (r = 725 pm)
copper wire was excluded from this simulation since the diameter ended up being on the order of
the 2/2 dipole length at 50 GHz.
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Figure 7. Comparison of current distribution (total magnitude) along
M2 dipole antenna composed of different materials (f, = 50 GHz, L = 3 mm).

The results again confirm that each of the CNT thread/rope dipole antennas will exhibit the
traditional current distribution form of a A/2 dipole antenna, with Iy occurring at the center along
the dipole structure. Note that Iy does not reach the ideal maximum of 11.8 mA for the PEC and
copper cases since the dipole length, L, is exactly A/2 and yields a true A/2 dipole antenna, while
in practice the optimum input impedance match to occurs when L is approximately 95% of A/2
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due to the fringing field end effects of the dipole structure. Also note that at this frequency, the
delta function used as the slice-gap voltage source for the MoM simulation is noticeable as an
artifact at the feedpoint (z/L = 0). The simulation again indicates that the value of I, should
increase as the radius of the CNT thread increases.

Equation 20 was applied to these results to provide a radiation efficiency comparison for a A/2
dipole at this frequency. The results show a marked performance improvement for the CNT
thread at this frequency compared with its performance at 1.475 GHz, with the 1-, 3-, and 3x3-
ply CNT thread/rope dipole antenna radiation efficiency predicted to be ~4.9, 1.8, and 0.9 dB
lower than that of the 30-gauge copper wire dipole antenna, respectively. Thus, at higher
frequencies, the RF performance tradeoff for using a CNT thread/rope dipole antenna in place of
a copper wire antenna may be relatively low.

In figures 6 and 7, the individual double-wall CNT current distribution was many orders of
magnitude lower than the other data sets and appeared to hug the bottom of the plot as a straight
line. The magnified version of this data set is shown in figure 8, along with the simulated current
distribution at f, = 50 GHz of a copper wire with comparable nanoscale radius, r =5 nm.
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Figure 8. Comparison of current distribution (total magnitude) along
M2 dipole antenna composed of hanoscale materials (fo = 50 GHz, L = 3 mm).

The magnitude of the current distribution for these nanoscale dipole antennas is predicted to be
approximately three orders of magnitude lower than that of the CNT thread and 30-gauge copper
wire dipole antennas. A triangular current distribution form is also displayed, similar to that of
an electrically short (Hertzian) dipole antenna. By applying equation 20 to these results, the
radiation efficiency is predicted to be ~60—70 dB lower than that of the 30-gauge copper wire for
both the double-wall CNT and the nanoscale radius copper wire. However, these results
reinforce the observation reported in Hanson (3) that an individual CNT will have a higher
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radiation efficiency than a metallic nanowire of comparable radius and will thus serve as a better
radiator.

In order to compare the radiation efficiency of the CNT thread/rope dipole antennas with the
30-gauge copper dipole antenna over a wide range of frequencies, the MoM simulation was run
at discrete frequencies from 0.1 to 1 GHz and then from 1 to 100 GHz and the peak current, I,
located at L = 0, was stored for each antenna type. The hypothetical CNT rope with a radius
equivalent to 15-gauge (r = 725 um) copper wire that was included in the previous 4-in dipole
antenna simulation was included for all simulations from 0.1 to 1 GHz and was then excluded for
the 1 to 100 GHz simulations in order to avoid the points at higher frequencies at which the
dipole radius approaches its length.

As seen in figure 9, the radiation efficiency of larger ply CNT rope antennas (3x3-ply and rope
with radius equivalent to 15-gauge wire) is predicted to increase more rapidly than the 1- and
3-ply thread/rope antennas from 100 MHz to 1 GHz. Below 500 MHz, radiation efficiency of
the CNT thread/rope antennas is predicted to increase and diverge with that of the copper dipole
antenna, regardless of rope radius. Above 500 MHz, the radiation efficiency of the large-ply
CNT rope antennas increasingly become more competitive with that of the copper dipole
antenna, albeit with a minimum power loss of 4-5 dB.
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Figure 9. Current maximum (lo) vs. frequency for A/2 dipole antenna
composed of different materials in MHz frequency range (L = A/2).

The predicted dipole current maximum from 1 GHz to 100 GHz is shown in figure 10. For these
higher frequencies, the radiation efficiency of the CNT thread/rope dipole antennas is predicted
to become much more competitive with that of the 30-gauge copper wire above 10 GHz. Above
10 GHz, the radiation efficiency comparison relationship established by the previous 3-mm
dipole antenna simulation remains relatively consistent up to 100 GHz. The radiation efficiency
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of the 1-ply, 3-ply, and 3x3-ply CNT thread/rope antennas is predicted to be ~5.8, 2.5, and 1 dB
lower than that of the 30-gauge copper wire, respectively.
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Figure 10. Current maximum (lo) vs. frequency for A/2 dipole antenna
composed of different materials in GHz frequency range (L = A/2).

It should be noted that while these conductivity and current distribution simulations include
complex nanoscale impedance effects such as the quantum capacitance and kinetic inductance
(through the quantum conductance model detailed in Burke et al. [2]), certain factors were
approximated or unaccounted for and may limit the accuracy of the predicted results. One
limitation to the applied CNT thread/rope simulation is that it does not account for defects in the
individual CNTs, which may disrupt electron flow and act as a resistive barrier. Another
approximation is that the model assumes that each CNT in the thread of radius, R, is the full
length of the dipole, L =2/2. However, an actual CNT thread dipole prototype is composed of
individual MWNTSs with radius, a = 10 nm, and average length of 500 pum bundled together by
van der Waals forces and aligned axially. The gaps and junctions between individual CNTs may
impact electrical conduction and cause electrons to hop laterally between nanotubes. Each of
these approximations will likely increase the total resistance and reactance of the CNT thread,
equal to both the longitudinal and lateral resistance of the nanotube bundle, and will
consequently impact the thread conductivity and radiation efficiency. The amount that these
approximations affect the accuracy of the simulations will be better quantified in the following
section when the electrical and physical properties of CNT thread/rope samples are measured
and compared with the simulation data.

3.1.2 Material Fabrication and Measurement

Working with the Nanoworld Laboratory at UC, a variety of CNT thread and rope samples were
fabricated to apply to the construction of CNT thread/rope dipole antenna prototypes. The
fabrication technique employed by UC to produce this thread is detailed in figure 11.
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Figure 11. CNT thread fabrication technique at UC Nanoworld Laboratory (adapted from Mast [15]).

A dense array of vertically aligned MWNTSs (typically 10-12 nm diameter double-wall CNTSs)
are grown using a CVD process on a 4-in silicon (Si) wafer with a density of ~0.03 gm/cm? and
an average tube length of 500 um. By means of a proprietary method, the MWNTSs are collected
and spun into a thread-like structure, with the individual nanotube bundles held together by van
der Waals forces. The final 1-ply thread is typically 20-25 um in diameter. By performing the
same spinning process with multiple spools of 1-ply thread, a variety of larger-ply CNT rope was
fabricated, including a 3-ply CNT rope and a 3x3-ply CNT rope (three 3-ply CNT ropes spun
together). An additional post-processing technique of applying dimethyl sulfoxide (DMSO) to
the CNT thread/rope samples was explored in order to enhance the thread conductivity and
tensile strength. In this process, the capillary forces caused by the evaporation of the applied
DMSO solvent draw the neighboring CNTs within the threads closer together and yield a denser
thread structure. This process both reduces the CNT thread/rope diameter and enhances the
ability to work with and handle the samples.

These standard and DMSO-densified samples were fabricated under ARL contract number
W911QX11P0132 with contract period from April 2011-January 2012 and their physical and
electrical properties were measured and analyzed. The samples were provided to ARL for the
construction and measurement of CNT thread dipole antenna and meshed CNT thread patch
antenna prototypes in year 2 of this DRI.

Images of the CNT thread/rope samples were captured using an environmental scanning electron
microscope (ESEM), as shown in figures 12 through 14.
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Figure 12. ESEM images of standard and DMSO densified 1-ply CNT thread.
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Figure 14. ESEM images of standard and DMSO densified 3x3-ply CNT rope.

In order to characterize the most important physical and electrical characteristics of the CNT
thread/rope samples, the diameter, weight, conductivity, and tensile strength were acquired
through measurement and analysis. The diameter, d, of each thread sample was evaluated by
taking the average of four ESEM measurements. The DC resistance, R, of each of the CNT
thread/rope samples was measured using a four probe technique. From these measurements and
from the measured sample length, L, and cross-sectional area, A, the conductivity, o, was

calculated as
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While the exact weight of a short section of CNT thread could not be accurately measured, the
researchers at UC quote a yield of approximately 5000 m of 1-ply CNT thread per 1 g of CNT
array material used in the spinning process. This results in an estimated thread linear density of
0.0002 g/m for 1-ply CNT thread. This contrasts favorably with the approximate linear density
of 30-gauge (0.453 g/m) and 15-gauge (14.73 g/m) copper wire. The measured average diameter
and conductivity of each of the thread/rope samples and calculated weight (assuming a 4-in CNT
dipole antenna, as simulated in section 3.1.1) is detailed in table 1. Estimated values for 15- and
30-gauge copper wire are also included for comparison.

Table 1. Material characterization of CNT thread/rope.

Weight of 4-in
d L R A p o .
Prototype Dipole
/P ) | (mm) | @ | (M) | (@m) | (Sm) )

1-ply CNT thread | 29.2 | 3.699 | 409.0 | 6.68e-10 | 7.39¢-05 | 1.35¢04 0.0203
3-ply CNT rope 512 | 4581 | 203.6 | 2.06e-09 | 9.14e-05 | 1.09¢04 0.061
3x3-ply CNT rope | 952 | 6.158 537 | 7.12¢-09 | 6.21e-05 | 1.61e04 0.183
L-ply CNTthread | 571 |\ 7045 | 4246 | 5.77e-10 | 3.38¢-05 | 2.96¢04 0.0203
w/ DMSO
3-ply CNT rope
TOM<O 378 | 598 | 2001 | 1.12¢-09 | 3.75¢-05 | 2.67e04 0.061
3x3-ply CNT rope
v DMSO 829 | 6813 69.7 | 5.40e-09 | 553e-05 | 1.81e04 0.183
30-gauge Cu wire | 255 NA NA NA NA 5.9¢07 46
15-gauge Cu wire | 1450 NA NA NA NA 5.9¢07 1495

From these measurements, it can be seen that the diameter of the CNT thread/rope does not scale
linearly with increased ply as it was applied in the simulations for section 3.1.1. The 3-ply CNT
rope is just under two times the diameter of the 1-ply thread and the 3x3-ply (9-ply) rope is
approximately three times the diameter of the 1-ply thread and just under two times the diameter
of the 3-ply rope. This is due to the irregular braided intertwining of the 1-ply CNT threads that
is visible in the ESEM images of the 3-ply and 3x3-ply CNT rope. The densification effect of
the DMSO treatment on the CNT thread/rope samples is also apparent, with the diameter of each
DMSO-treated sample reduced to ~80-90% of its original standard diameter.

The measured conductivity of the CNT thread/rope samples was found to be approximately two
orders of magnitude lower than that predicted by the simulations from section 3.1.1 (10* vs.

10° S/m) and consistently three orders of magnitude lower than bulk copper. When the margin of
error for the measured sample thread/rope diameter (and consequently the cross-sectional area) is
considered, it can be concluded from these measurements that increasing the thread ply does not
significantly enhance the sample conductivity and that each sample remains ~1-1.5e4 S/m.
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However, the samples treated with DMSO exhibit an approximate 1.5 to 3 times increase in
conductivity when compared with the untreated samples. This is likely due to the fact that the
sample conductivity is heavily dependent upon the contact area existing between individual
CNTs within the threads and that the DMSO densification technique increases this inter-tube
contact area. This indicates that the DMSO densification procedure is a valuable post-processing
technique that should be explored to further improve CNT thread conductivity. Among both the
DMSO-treated and untreated samples, the thread resistance, R, is significantly reduced with
increased thread ply, decreasing from ~415 Q to 60 Q as the ply is increased from 1- to 3x3-ply.
This should be explored further to predict how to best minimize ohmic losses in antennas
constructed from CNT thread/rope materials.

From this data and the simulation data of section 3.1.1, a weight versus radiation efficiency
tradeoff comparison may be made between using CNT thread/rope versus copper wire for a
dipole antenna. From figure 6, it was estimated from the simulated current maximum, lp, of an
4-in A/2 antenna (fo = 1.475 GHz) that the radiation efficiency of a 4-in length 1-, 3-, and 3x3-ply
CNT thread/rope dipole antenna would be ~28, 19.4, and 11.6 dB lower, respectively, than that
of a 30-gauge copper wire dipole antenna. At this frequency, the predicted losses using lower-
ply CNT material would be much too large to be applied to an antenna design. However, for
applications in which an 11-12 dB decrease (~93%) in radiation efficiency could be
compensated for, the overall weight of the antenna may be reduced from 46 mg to 0.18 mg
(~255 times) by employing 3x3-ply CNT thread versus 30-gauge copper wire. Despite this
significant weight savings, the minimum predicted losses of ~11-12 dB at 1.475 GHz will likely
be much too high for most applications to justify the use of CNT thread as a substitute for copper
wire. However, at higher frequencies, the weight savings will be retained (albeit at a smaller
overall order of magnitude) and the radiation efficiency losses are predicted to be much lower
and more manageable. From figure 7, it was estimated that the radiation efficiency of a
3-mm-long 1-, 3-, and 3x3-ply CNT thread/rope dipole antenna radiation efficiency would be
~4.9, 1.8, and 0.9 dB lower, respectively, than that of the 30-gauge copper wire dipole antenna.
Losses of this scale, particularly the <1 dB predicted loss for 3x3-ply CNT thread, could easily
be compensated for in practical antenna applications. Thus, for a 0.9-dB drop in radiation
efficiency (~18%), the antenna weight could be reduced ~250 times from 1.36 mg to ~0.54 pg.
While this overall weight difference would be unnoticeable on a large-scale platform, it could
still be applicable to severely weight restricted platforms such as micro-autonomous vehicles and
make the weight contribution of the antenna negligible.

The tensile strength of the CNT thread/rope samples was also measured to compare the
flexibility of the materials with copper (known tensile strength of ~170 to 220 MPa). Without
DMSO treatment, the standard 1-ply CNT thread sample exhibited a tensile strength of ~78 MPa,
as shown in figure 15. The standard 3- and 3x3-ply CNT rope samples demonstrated tensile
strength of ~55 and 45 MPa, respectively. Contrary to what was expected to occur with
increased sample ply, the tensile strength actually decreased as the ply was increased from 1-ply
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to 3- and 3x3-ply. However, with DMSO treatment, the 1-ply CNT thread exhibited ~170 MPa
tensile strength, approximately 2.5 times the tensile strength of the untreated 1-ply CNT thread,
as shown in figure 16. The increased inter-tube contact area that was found to enhance the
measured CNT thread conductivity is also the likely mechanism behind this significant increase
in tensile strength.
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Figure 15. Measured tensile strength for standard 1-ply CNT thread sample.
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Figure 16. Measured tensile strength for DMSO densified 1-ply CNT
thread sample.

Similar to the results for the untreated thread samples, the larger-ply DMSO treated CNT rope
samples exhibited lower tensile strength as the ply was increased, being 136 MPa for the 3-ply
rope (figure 17) and only 45 MPa for the 3x3-ply rope (figure 18). In figure 18, several curves
are displayed and identified as Specimens 1 and 2. These curves belong to the initial sample
strained by multiple tensile strength test runs. The reason for their appearance is that the tensile
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instrument is designed to stop testing once the load goes 80% below the registered peak load.
This indicates that an irreversible failure has occurred and the experiment is automatically
discontinued. Interestingly, in the case of multi-ply CNT rope samples, the individual 1-ply
threads within the rope do not undergo simultaneous rupture and some of them survive and avoid
complete failure of the entire multi ply rope. This gives an opportunity to test the remaining
intact rope structure again, which generates another stress-strain curve related to an “additional”
Specimen 2. In general, the second run results in a lower measured tensile strength.
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Figure 17. Measured tensile strength for DMSO densified 3-ply CNT rope sample.
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Figure 18. Measured tensile strength for DMSO densified 3x3-ply CNT rope sample.

These results indicate that the post-process DMSO treatment is an important step in
strengthening the material. According to the researchers at UC, it is expected that by employing
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thermal annealing as an additional post processing treatment to the CNT thread/rope, both the
conductivity and tensile strength can be significantly improved. Early results from single-ply
samples that are both DMSO-treated and thermally annealed have apparently demonstrated
conductivity of ~1e6 S/m, very close to what was predicted in the simulations in section 3.1.1,
and tensile strength of ~1 GPa. If these results can be consistently achieved and improved upon
with future CNT thread samples, it should lead to a very attractive conductive material for RF
applications.

3.2 ARL Multiwall Carbon Nanotube Array Growth Capabilities

Since 2007, ARL’s Sensor and Electron Device Directorate (SEDD) has established the
capability to grow SWNTSs with an interest toward exploiting the semiconducting properties for
electronic devices. However, for use in antenna applications, MWNTSs and patterned MWNT
bundles are desirable for antenna array applications. In order to best position ARL to research
this area in the future, part of this DRI focused on the development of patterned MWNT growth
capabilities using an existing low pressure CVD tool (currently used for graphene growth).

CNT growth requires the presence of nanometer-sized metal particles for use as a catalyst. lron-
family transition metals, namely, iron (Fe), nickel (Ni), and cobalt, make excellent catalyst
materials primarily because they readily form solid solutions with carbon (21, 22). For MWNT
growth, thin metal films, ranging from 10 to 100 A thick, are used as the catalyst material with
an aluminum thin film deposited as a support layer. When heated, the aluminum (Al) support
layer readily oxidizes and forms clusters that prevent the metal from diffusing and forming large
particles on the substrate (23).

For this work, Fe and Ni thin films were used as the catalyst material. First, a 50-75 A Al film
was deposited onto silicon dioxide (SiO,)/Si wafers by e-beam evaporation. After deposition,
the Al film was removed from the chamber and allowed to oxidize. The Al film was then placed
in the e-beam deposition tool, and a thin layer of Fe or Ni was deposited. Film thickness for the
Ni and Fe were 16 A and 25 A, respectively. The catalyst metals were deposited as a blanket
film covering the entire wafer and/or patterned using standard photolithography lift-off
techniques. The pattern contained squares, rectangles, and circles of sizes varying from 5 um to
2 mm. The periodic nature of this pattern will be useful in a future effort to fabricate and test
planar CNT bundle antenna arrays. An image of a patterned sample with Ni/Al bilayer
deposition is shown in figure 19 (left image).
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Figure 19. Two images of the patterned growth substrates before and after CNT growth. The first image
shows the 16 A Ni/75 A Al thin film patterned on a SiO,/Si substrate. The second image shows
the patterned areas covered with black CNTs.

Once the catalyzed substrates were made, they were loaded into the low pressure chemical vapor
deposition (LPCVD) tool furnace, and the system was pump downed to a base pressure less than
0.5 Torr. Hydrogen (H,) and argon (Ar) were flowed into the furnace, and the target chamber
pressure (100 to 400 Torr) was set. The furnace was heated to ~650-700 °C, and the catalyst
films were annealed in the H,/Ar atmosphere for 10-30 min. The growth phase began when the
Ar was switched off, and ethylene, the carbon feedstock gas, was flowed into the furnace. After
growth, the ethylene gas flow was terminated, and the system was cooled down to room
temperature. The target pressure was maintained through the entire run. An image of the
patterned sample after growth can be seen in figure 19 (right image). Dense groupings of CNTs
appear black to the naked eye.

An Fe thin-film catalyst is typically preferred for MWNT growth (24-26); however, for these
experiments, sustainable MWNT growth was not achieved using this material. No MWNT
growth was observed for the patterned Fe thin films. MWNT growth was observed on the
blanket Fe thin films; however, the tubes were not adhered well to the substrates and fell off the
substrate upon movement. Prior to growth, the deposited catalyst film is oxidized due to ambient
exposure. The pre-growth anneal in a H, environment is a necessary step to reduce the catalyst
back to its elemental form and to allow formation of catalyst nanoparticles. Annealing time was
shown to play a role in CNT formation. For all anneals performed for 15 min, no CNT growth
was observed regardless of catalyst material. However, CNTs were deposited on the Ni catalyst
when the time was doubled to 30 min. Increased anneal times were beneficial to promoting
SWNT growth under atmospheric conditions using similar Ni/Al bilayer film thicknesses.

SEM images of CNT growth exclusively on the patterned Ni/Al areas can be seen in figure 20.
A series of four images is shown from an array of 80 mm x 80 mm patterned squares, with each
successive image taken at a higher magnification. The structure of the nanotube
interaction/grouping is revealed as the magnification is increased. The nanotubes densely cover
the patterned area and seem to be free from any excessive carbon build-up; however, they are not
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vertical aligned as desired. CNTSs of various diameters and lengths are observed although the
total height of the entire nanotube carpet could not determined by the multiple images taken.
Most likely, the nanotube carpet is no more than 1 um in height as reported in the literature for
nonaligned carbon nanotubes that exhibit similar morphologies (27, 28).

Figure 20. SEM images of MWNT growth on an array of 80 mm x 80 mm squares
patterned with 16 ANirrs A Al bilayer. Images are taken in succession
as the magnification increases and the CNT structure is revealed.

Raman spectroscopy was performed on the samples to provide insight into the general quality of
the deposited nanotubes. A Renishaw inVia microscope with a 514 nm laser wavelength was
used for this measurement. A typical Raman spectrum observed from the nanotubes can be seen
in figure 21. For MWNTS, the important characteristic Raman features are the D and G peaks at
~1350 and ~1585 cm ™, respectively. The G peak, which represents a stretching of the C-C band,
is common to all graphitic materials, including graphene and some amorphous carbons. The D
band indicates the presence of disorder found in sp>-bonded carbon systems. For this figure, the
D and G peak positions are 1342 and 1593 cm *, respectively, with an Ip/lg ratio of 0.84. This
value is typical for nonaligned CNTs; however, vertically aligned tubes generally have Ip/lg << 1
although exceptions have been noted (24, 28). Sources for the large D peak can include defects
in the tube as well as defects at the CNT tip-nanoparticle interface. The Raman spectra observed
for these growths are similar to those reported by other researchers (27, 28), and the missing
alignment of the CNTs is generally produced at lower growth temperatures.
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Figure 21. Typical Raman spectra taken from MWNTSs grown from Ni/AL bilayer.

4. Conclusions and Future Work

In year 1 of this DRI, the application of CNT thread/rope to RF antenna designs was explored
through conductivity and dipole antenna simulation and the measurement and analysis of
physical and electrical characteristics of CNT thread/rope samples. The simulation results
indicate that CNT thread/rope conductivity should improve with increased diameter (ply) and
that the application of these materials as a half wavelength dipole antenna should yield
manageable losses of less than 1 to 5 dB at RF frequencies above 10 GHz.

According to the measured results obtained from the CNT thread/rope samples fabricated by UC,
it seems that the most significant physical benefit to be gained by employing CNT thread versus
copper wire is a reduction in conductor weight. Contrary to what was expected from intuition
and simulation results, the tensile strength and conductivity of the multi-ply CNT rope samples
actually decreased with larger-ply rope and was less than that of the single-ply CNT thread
samples. Thus, single-ply CNT thread should be focused on for future research. Applying a
post-fabrication treatment of DMSO to the CNT threads was found to be an important step in
enhancing the physical and electrical characteristics of the material. The tensile strength
exhibited by the DMSO-treated single ply CNT thread was ~2.5 times greater than that exhibited
by the untreated sample and was approximately the same as that of copper wire. With thermal
annealing applied as an additional post-process treatment, it is expected that the conductivity
should improve to at least 1e6 S/m (still lower than copper but more competitive) and the tensile
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strength should improve to ~1 GPa (much higher than copper). Improvement of the tensile
strength to far beyond that of copper will be an important step in justifying the use of CNT
thread materials as a substitute for a traditional conductive material. As bulk CNT thread
fabrication capabilities are refined and costs are lowered (typical cost in 2011 is ~$400 per gram
of MWNT forest or 8 cents per meter of CNT thread), these materials should become an
attractive alternative conductive material for weight-restricted and uniform-integrated Army
antenna applications.

Additionally, the first steps were taken towards establishing patterned vertically aligned MWNT
array fabrication capabilities at ARL. A variety of patterned CNT arrays were successfully
fabricated on Si wafers, with pattern sizes ranging from 5 pm to 2 mm. Attempts at fabricating
MWNT arrays using a Fe thin-film catalyst were ultimately unsuccessful since the nanotubes did
not adhere well to the substrate. While future research will be needed to produce sustainable
vertically aligned MWNT growth capabilities at ARL, the patterned CNT array fabrication
capabilities developed under this program will be applicable to future Army research of planar
CNT antenna arrays.

In year 2 of this DRI, a variety of fully fabricated CNT thread/rope dipole antennas will be
measured and compared with a standard copper dipole antenna. The integration of this design
into a textile substrate to produce a body-wearable antenna will also be explored. This will be
the culmination of the CNT thread dipole prototype investigation from year 1 and will be a
significant step towards demonstration of a Soldier uniform-integrated CNT thread antenna.

The work conducted in year 1 will also be built upon by exploring a more complex and novel
CNT antenna structure comprised of interwoven CNT threads and ropes (multi-ply threads). The
patch antenna has proven to be quite effective for a variety of Army applications, including
terrestrial and satellite communications systems and various radar electronic scanning arrays due
to its low-profile, planar structure, reasonable bandwidth of typically 10-20%, and excellent gain
of typically 7 dBi. Previous research has shown that substituting a meshed conductive structure
for the radiating patch and/or ground plane in place of a traditionally used solid conductive
structure (e.g., copper patch) yields no significant change to the broadside antenna radiation
pattern and small to moderate losses in gain and bandwidth depending on the density of the mesh
(20). By applying interwoven CNT thread/rope to such a structure, it may be possible to
construct a patch antenna capable of being easily integrated into a Soldier’s uniform for
applications in which weight and flexibility/durability are major concerns. For the initial
prototype, only the patch structure will be fabricated using interwoven CNT threads/ropes
constructed on a rigid, low-loss dielectric substrate with a copper ground plane/aperture layer.
The focus of the investigation will be on how well the meshed CNT thread patch serves as the
antenna radiator and what radiation performance tradeoffs (gain, bandwidth, radiation pattern)
may arise from using such a design instead of a traditional solid metal patch. After this proof of
concept, alternative designs will be explored in which both the patch and the ground
plane/aperture layers are constructed from the interwoven CNT thread material and in which the
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antenna is seamlessly integrated into a textile substrate (for body-worn applications). The
meshed patch antenna will be explored through electromagnetic simulation using Ansoft High
Frequency Structure Simulator (HFSS) and/or FEKO, and simulation results will be compared
with measured results for model validation. With a validated model, it will be possible to
determine the impact that the thread diameter and the number of threads in each interwoven
column/row has on the radiation performance of the patch antenna. The goal will be to research
the CNT meshed patch structure through simulation (full-wave and/or numerical), fabrication,
and measurement. Simulation results will be compared with measured results for model
validation. The over-arching goal of this research will be a flexible, lightweight, extremely
durable CNT patch antenna for weight-restricted platforms and body-worn RF applications.
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6. Transitions

The goal of this research is to ultimately transition flexible, lightweight, durable antenna designs
constructed from carbon nanotube materials to weight-restricted Army platforms (e.g.,
unmanned aerial vehicles [UAVs], micro-autonomous vehicles) and body-worn/textile integrated
RF applications.

The research performed for year 1 of this DRI has produced a conference paper/presentation, a
Technical Assessment Board (TAB) review poster, and a patent application (pending/accepted
for process), and will likely result in at least one peer-reviewed journal publication (pending), as
follows:

» Keller, S. D.; Zaghloul, A. I.; Shanov, V.; Schulz, M. J.; Mast, D. B. Simulation of carbon
nanotube thread dipole antennas, 2011 USNC/URSI National Radio Science Meeting
Proceedings, July 2011. (paper and presentation)

e 2011 ARL TAB Review Poster, Lightweight, Durable Army Antennas Using Carbon
Nanotube Technology.

» Patent pending on Nanofabric antenna array, ARL 10-38 - Nano-Fabric Antenna.

» Keller, S. D.; Zaghloul, A. I.; Shanov, V.; Schulz, M. J.; Mast, D. B. Simulation and
measurement of carbon nanotube thread dipole antennas, IEEE Antennas and Wireless
Propagation Letters [pending].
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